Neuroligin (NLG), a postsynaptic adhesion molecule, is involved in the formation of synapses by binding to a cognate presynaptic ligand, neurexin. Here we report that neuroligin-1 (NLG1) undergoes ectodomain shedding at the juxtamembrane stalk region to generate a secreted form of NLG1 and a membrane-tethered C-terminal fragment (CTF) in adult rat brains in vivo as well as in neuronal cultures. Pharmacological and genetic studies identified ADAM10 as the major protease responsible for NLG1 shedding, the latter being augmented by synaptic NMDA receptor activation or interaction with soluble neurexin ligands. NLG1-CTF was subsequently cleaved by presenilin/g-secretase. Secretion of soluble NLG1 was significantly upregulated under a prolonged epileptic seizure condition, and inhibition of NLG1 shedding led to an increase in numbers of dendritic spines in neuronal cultures. Collectively, neuronal activity-dependent proteolytic processing of NLG1 may negatively regulate the remodeling of spines at excitatory synapses.
INTRODUCTION
Formation and maintenance of the synaptic structure is a dynamic process that requires bidirectional interactions between pre-and postsynaptic components. A diverse assortment of cell adhesion molecules is present at the synapse and organizes the synaptic specializations of both excitatory and inhibitory central synapses (Dalva et al., 2007; Siddiqui and Craig, 2011) . Neuroligin (NLG) is one of the potent synaptogenic adhesion proteins located at the postsynapse, which transsynaptically binds to a presynaptic ligand, neurexin (NRX) (Ichtchenko et al., 1995; Irie et al., 1997; Scheiffele et al., 2000; Sü dhof, 2008; Bottos et al., 2011) . Mammals express four NLG genes (i.e., NLG1 to NLG4). NLG polypeptides are type 1 transmembrane proteins with a large extracellular domain with homology to acetylcholinesterases but lack critical residues in the active site and interact with NRXs at the synaptic membrane surface (Sü dhof, 2008) . Notably, NLG1 is localized at glutamatergic postsynapse, and overexpression of NLG1 induces the accumulation of glutamatergic presynapse and postsynapse molecules in vitro (Song et al., 1999; Scheiffele et al., 2000; Budreck and Scheiffele, 2007) . In contrast, NLG2 triggers the maturation of GABAergic synapses, implicating specific functions of different NLGs in the formation and maturation of different chemical types of synapses in vitro and in vivo (Graf et al., 2004; Varoqueaux et al., 2004 Varoqueaux et al., , 2006 .
Recent studies revealed that copy number variation or point mutation in NLG genes are linked to autism spectrum disorder (ASD), schizophrenia, or mental retardation (reviewed in Sü dhof, 2008) . Notably, ASD-linked mutations in NLG genes have been shown to affect the expression, folding, or dimerization of NLG proteins to compromise their surface expression and binding to NRXs Levinson and El-Husseini, 2007; Zhang et al., 2009) . Moreover, copy number variations that are associated with an increased risk of ASD were identified in NLG1 locus (Glessner et al., 2009 ). NLG1 knockout (KO) or transgenic mice showed synaptic dysfunctions and ASD-like behaviors (Varoqueaux et al., 2006; Chubykin et al., 2007; Blundell et al., 2010; Dahlhaus et al., 2010) . Thus, the levels of NLGs within the synaptic membranes are presumed to directly modulate the synaptic functions in vivo. Although several reports indicated that the surface levels of NLG1 are regulated by synaptic activities through membrane trafficking (Schapitz et al., 2010; Thyagarajan and Ting, 2010) , the regulatory mechanisms to control protein levels of NLG remains unclear. Here, we show that NLG1 is sequentially cleaved by ADAM10 and g-secretase to release its extra-and intracellular domain fragments, respectively. Proteolytic processing of NLG1 resulted in the elimination of NLG1 on the cell surface, thereby causing a decrease in the synaptogenic activity of NLG1. We further show that ADAM10-mediated shedding is regulated in an activity-dependent manner through NMDA receptor (NMDAR) activation or by binding to secreted forms of NRXs. Our present results suggest that neuronal activity and interaction with NRXs regulate the levels of NLG1 via proteolytic processing to modulate the adhesion system as well as the functions of synapses.
RESULTS

Proteolytic Processing of NLGs in Brains and Neuronal Cultures
NLGs are synaptogenic type 1 transmembrane proteins that harbor large extracellular domains (Ichtchenko et al., 1995) . While the levels of NLGs are presumed to be correlated with their physiological and pathological functions (Varoqueaux et al., 2006; Chubykin et al., 2007; Glessner et al., 2009; Blundell et al., 2010; Dahlhaus et al., 2010) , little information is available on the proteolytic mechanism of NLGs. Several lines of evidence have indicated that a subset of type 1 transmembrane proteins are processed by sequential cleavages by ectodomain shedding and intramembrane cleavage, the latter being executed by g-secretase (Beel and Sanders, 2008; Bai and Pfaff, 2011) . To test whether the levels of NLGs are regulated by proteolytic processing, we analyzed endogenous NLG polypeptides in adult rat brains ( Figure 1A ). Immunoblot analysis using antibodies that specifically recognize the cytoplasmic region of NLG1 and NLG2 (see Figure S1 available online) revealed immunopositive bands at $20-25 kDa, in addition to full-length (FL) protein that migrated at $120 kDa. Because the predicted sizes of the cytoplasmic domain of NLGs were within the range of 120-165 amino acid (aa) lengths (NLG1, 125 aa; NLG2, 137 aa), we reasoned that the $20-25 kDa polypeptides represent the membrane-tethered C-terminal fragment (CTF) of endogenous NLGs. Multiple bands corresponding to CTFs may represent different posttranslational modifications (e.g., glycosylation, see below). To examine whether these CTFs are processed by the g-secretase activity, we incubated the membrane fractions of rat brains at 37 C and detected the appearance of additional bands that migrate faster than the CTFs with each NLG. Moreover, addition of DAPT, a specific g-secretase inhibitor, abolished the generation of the smaller CTFs, in a similar manner to that observed with a well-known g-secretase substrate, amyloid precursor protein (APP). These data suggested that NLG-CTFs are cleaved by the g-secretase activity to release the intracellular domain (ICD) ( Figure 1B ). In parallel with the generation of ICDs, we observed a significant reduction in NLG1-FL upon incubation, concomitant with the generation of a smaller NLG1 fragment, which was detected by an antibody against the extracellular region of NLG1 ( Figure 1C ). Generation of this extracellular fragment of NLG1 was decreased by treatment with metalloprotease inhibitors (i.e., EDTA, TAPI2), supporting the notion that the extracellular domain of NLG1 is processed by ectodomain shedding. To test whether this processing occurs at synapses under a physiological condition, we incubated synaptoneurosome preparation from adult mouse brain, which contains a population of purified presynaptic boutons attached to postsynaptic processes (Villasana et al., 2006; Kim et al., 2010) (Figures 1D   and 1E ). After ultracentrifugation after incubation, soluble NLG1 (sNLG1) as well as NLG1-ICD was detected in the soluble fraction, which was abolished by coincubation with TAPI2 and DAPT, respectively. To ascertain that these cleavages occur in situ in neuronal cultures, we analyzed cell lysates and conditioned media (CM) from mouse cortical primary neuronal cultures obtained from embryonic day (E) 18 pups by immunoblotting and detected the secretion of an $98 kDa single polypeptide in the conditioned media, which migrated at an identical position to that generated upon incubation of the membrane fractions, by an antibody against the extracellular domain of NLG1 ( Figures 1F and 1G ). This band disappeared by treatment with metalloprotease inhibitors (i.e., GM6001, TAPI2). These data suggest that the extracellular domain of NLG1 is shed by the metalloprotease activity to release sNLG1 into the conditioned media. Furthermore, DAPT treatment caused the accumulation of CTFs of NLG1 as well as of NLG2. Notably, simultaneous administration of DAPT and metalloprotease inhibitors decreased the accumulation of the CTFs. However, endogenous NLG-ICD, which was observed upon incubation of microsomes from brain lysates, was hardly detectable in cell lysates from cultured primary neurons. This suggests that NLG-ICD is a highly labile endoproteolytic product. These findings led us to speculate that NLGs are initially processed by metalloprotease at the extracellular region to generate sNLG and membrane-tethered NLG-CTF, the latter being further cleaved by the g-secretase activity ( Figure 1H ).
ADAM10 and g-Secretase Are Responsible for the Proteolytic Processing of NLG1 Next we analyzed the metabolism of NLGs in mouse embryonic fibroblasts from Psen1 À/À /Psen2 À/À double knockout mice (DKO cells), which completely lacks the g-secretase activity (Herreman et al., 2000) . Accumulation of NLG-CTFs was observed upon the overexpression of hemagglutinin (HA)-tagged NLGs in DKO cells ( Figure 2A ). However, the levels of the accumulated NLG-CTFs were significantly reduced by the coexpression of human PS1, indicating that g-secretase activity is responsible for the processing of NLG-CTFs. ADAM10 is known as a responsible enzyme for ectodomain shedding of a subset of g-secretase substrates (e.g., Notch, APP, cadherin, and CD44) at the membrane-proximal region of ectodomain (Saftig and Reiss, 2011) . To test whether ADAM10 is involved in the processing of NLGs, we overexpressed HA-tagged NLG1 or NLG2 in murine embryonic fibroblasts (MEFs) obtained from ADAM10 knockout (Adam10 Figure 2B ) (Hartmann et al., 2002) . In Adam10 À/À MEF, the generation of sNLG1 was significantly reduced. In contrast, no change in NLG1 processing was observed in MEFs obtained from knockout mice of other ADAMs (i.e., Adam8 (Zhou et al., 2004; Weskamp et al., 2006; Kawaguchi et al., 2007; Horiuchi et al., 2007) . These data strongly suggest that ADAM10 is a responsible enzyme for the shedding of NLG1. Intriguingly, the level of soluble NLG2 secreted from Adam10 À/À MEF was almost comparable to those from other ADAM knockout MEFs, suggesting that ADAM10 specifically cleaves NLG1 but not NLG2. These data suggest that ADAM10 and g-secretase are responsible for the proteolytic processing of NLG1 in transfected fibroblasts.
To further examine the role of ADAM10 in the processing of endogenous NLG1, we treated rat primary neurons obtained from E18 pups with INCB3619, a known ADAM10/17 inhibitor (Witters et al., 2008) . INCB3619 abolished the secretion of sNLG1 in a similar manner to that of sAPPa, the latter being generated by ADAM10 (IC 50 : 1.6 mM) ( Figures 3A and 3C ). In contrast, treatment with INCB3420, a derivative of INCB3619 that harbors a moderate ADAM10/17 inhibitory activity but potently inhibits matrix metalloproteases (MMPs) (i.e., MMP2, MMP9, MMP12, and MMP15) (Zhou et al., 2006) , decreased the NLG1 cleavage only at high concentrations (IC 50 : >10 mM) ( Figures 3B and 3C ). In addition, INCB3420 did not affect the sNLG1 production by incubation of synaptoneurosome fraction of rat adult brain ( Figure S2A ). Moreover, other MMP-specific inhibitors with different chemical structures (MMP2, MMP3, MMP9, and MMP13 inhibitors) did not affect the sNLG1 production or decreased only at high concentrations from rat primary neurons, supporting the specific role of ADAM proteases in NLG1 shedding in primary neurons ( Figures 3B and 3D ). We then examined the effect of genetic ablation of Adam10 in mouse neuroblastoma neuro2a cells (Figures 3E and 3F) as well as in primary neurons from P1 Adam10 flox/flox mice (Yoda et al., 2011) (Figures 3G and 3H) by siRNA transfection and overexpression of Cre recombinase, respectively. Inhibition of NLG1 shedding, along with impairment of sAPPa generation as previously described (Jorissen et al., 2010; Kuhn et al., 2010) , and accumulation of NLG1-FL were observed both in Adam10 knockdown neuro2a cells and Adam10 knockout neurons. Moreover, overexpression of ADAM10 in mouse primary neurons increased the production of sNLG1 ( Figure S2B) . Lastly, to demonstrate the physiological significance of ADAM10 in NLG1 processing in vivo, we incubated the brain microsome from postnatal day (P) 18 neuron-specific conditional ADAM10 knockout mice (Adam10 flox/flox ; CamKII-Cre) ( Figure 3I ). Notably, the levels of NLG1-FL were increased in the microsome fractions from brains of Adam10 conditional knockout mice, whereas sNLG1 production was significantly decreased (Figures 3J and 3K) . Taken together, we concluded that the major physiological sheddase of NLG1 in brain is ADAM10. We next examined the proteolytic processing of NLG1 at the ectodomain in more detail. According to the molecular weight of the CTF, the stalk region of NLG1 is predicted as the candidate cleavage site for shedding. To obtain further precise information on the location and characteristics of the cleavage site, we analyzed mutant forms of NLG1 overexpressed in COS-1 cells ( Figure 4A ). Recombinant NLG1-FL was sequentially cleaved similarly to the endogenous NLG1-FL in primary neurons, whereas NLG1-ICD was not observed (Figures 4B and 4C Figure 4A ). Among these mutants, generation of sNLG1 was significantly decreased in the PKQQ/AAAA mutant, whereas the level of mutant FL protein was increased (Figures 4D and 4E) . The observation that overexpressed PKQQ/AAAA mutant NLG1 accumulated at dendritic spines in rat primary neurons similarly to wild-type (WT) NLG1 and showed spinogenic effects supported the view that introduction of PKQQ/AAAA mutation did not affect the trafficking of NLG1 (see Figure 8C ). In contrast, alanine substitutions at regions proximal to the membrane caused an augmentation of NLG1 shedding. Intriguingly, the levels of sNLG1 were significantly increased in the PSPF/AAAA and SVDQ/AAAA mutants, whereas the corresponding FL proteins were decreased, suggesting that the region from Pro 682 to Gln 689 negatively regulates the NLG1 shedding. These data suggest that the region between Pro 678 to Gln 681 is critical for the sNLG1 production.
We then overexpressed NLG1-DE, a recombinant polypeptide corresponding to NLG-CTF starting from residue Val 682 fused with a signal peptide ( Figure 4A ). The levels of NLG1-DE were increased by DAPT treatment, indicating that NLG1-DE was processed by g-secretase ( Figure 4F ). However, NLG1-ICD was again undetectable in lysates of transfected cells. Indeed, recombinant NLG1-ICD, which corresponds to the predicted g-secretase product starting at an intramembranous residue Val 717 , was detected only after proteasome inhibitor treatment ( Figure 4G ), suggesting that NLG1-ICD is highly labile to proteasomal degradation. In fact, the immunostaining of NLG1-ICD was relatively weak and predominantly detected in neuronal nuclei and somata, whereas NLG1-FL, as well as the other mutants, was localized to the somatodendritic compartments in transfected primary neurons ( Figure S3 ). We further examined the significance of the PDZ-binding motif located at the C terminus of NLG1 and found that deletion of this motif did not impact on the shedding as well as the g-secretase-mediated cleavage ( Figures 4A, 4B, 4C , and 4F). Collectively, these data support the notion that NLG1 is sequentially cleaved by ADAM10 and g-secretase to release sNLG1 and a highly labile NLG1-ICD.
Neuronal Activity and Ligand Binding Upregulate NLG1 Processing It has been shown that some g-secretase substrates (e.g., APP, N-cadherin, and EphA4) undergo cleavage in an activity-dependent manner in neurons (Kamenetz et al., 2003; Marambaud et al., 2003; Reiss et al., 2005; Inoue et al., 2009) . To investigate the effect of synaptic activity on NLG1 processing, we treated rat primary neuronal culture at day in vitro (DIV) 11 with a set of compounds. Fifteen minute treatments with glutamate or NMDA significantly increased the sNLG1 level in the conditioned media, which was abolished by addition of NMDA receptor antagonists (i.e., D-AP5 and MK-801) ( Figures 5A and 5B) . Intriguingly, pretreatment with MK-801 ( Figures 5C and 5D ), an open-channel blocker of NMDA receptor (Huettner and Bean, 1988) , completely inhibited the NLG1 shedding induced by glutamate, suggesting that the physiological activation of functional NMDA receptors is sufficient for the generation of sNLG1 at the glutamatergic synapses. To examine whether the shedding regulates the cell surface level of NLG1, we performed a cell surface biotinylation experiment in rat primary neurons ( Figure 5F ). Treatment with TAPI2 or GM6001 significantly increased the surface levels of NLG1 ( Figures 5G and 5H) . Moreover, secretion of biotinylated sNLG1 was detected in the conditioned media of labeled primary neurons ( Figures 5I, 5J , and 5K). Notably, increased sNLG1 by NMDA treatment also was biotinylated, suggesting that the proteolytic processing of NLG1 occurs at the cell surface and regulates the levels of cell surface 
in Primary Neurons
(A) Primary neurons from E18 rat cortex were treated with indicated compounds at DIV11 for 15 min. CM as well as cell lysates were analyzed by immunoblotting using antibodies indicated below the panels.
(B) Densitometric analysis of the amounts of sNLG1 secreted from rat primary neurons treated as in (A). Statistical analysis was carried out by Student's t test (n = 5-9, mean ± SEM, ***p < 0.001 versus mock; ### p < 0.001 versus Glu).
(C-E) Production of sNLG1 from rat primary neurons from E17-E18 pups pretreated with NMDAR antagonists at DIV11 (C). Representative result of immunoblot analysis of CM is shown in (D). Noncompetitive NMDAR antagonist, MK-801, totally abolished the production of sNLG1. NBM indicates Neurobasal medium. Densitometric analysis of sNLG1 is shown in (E) (n = 3, mean ± SEM; ***p < 0.001 versus (À) by Student's t test).
(F-H) Surface protein levels were examined by the surface biotinylation technique in rat primary neurons obtained from E17-E18 pups at DIV6 (F). Representative result of immunoblot analysis is shown in (G). TAPI2 or GM6001 treatment from DIV4 to DIV6 caused a significant accumulation of total as well as cell surface NLG1. Densitometric analysis of sNLG1 is shown in (H) (n = 4, mean ± SEM; *p < 0.05; **p < 0.01 versus by Student's t test).
(I-K) Detection of de novo secretion of biotinylated sNLG1 from DIV9 rat primary neurons from E17-E18 pups (I). Representative result of immunoblot analysis is shown in (J). Densitometric analysis of sNLG1 is shown in (K) (n = 3-5, mean ± SEM; **p < 0.01; ***p < 0.001 versus mock by Student's t test).
NLG1. Taken together with the results of synaptoneurosome incubation ( Figure 1D ), these data indicate that glutamatergic synaptic transmission through NMDA receptor activation modulates the levels of NLG1 at the synaptic membrane. It has been shown that several g-secretase substrates are cleaved upon binding with cognate membrane-tethered or soluble ligands, e.g., Delta/Jagged for Notch (Mumm et al., 2000) , Hyaluronan for CD44 (Sugahara et al., 2003) , BDNF for p75 (Kenchappa et al., 2006) , and VEGF-A for VEGF receptor (Swendeman et al., 2008) . Recently, it was reported that NRXs undergo proteolytic processing, which is augmented by glutamate treatment (Bot et al., 2011; Saura et al., 2011) . We also observed the metalloprotease-dependent production of soluble forms of endogenous NRXs in rat primary neurons ( Figure 6A ). Treatment with TAPI2 or GM6001 caused the accumulation of NRX-FL and inhibited the accumulation of NRX-CTF, which was detected upon DAPT treatment ( Figure 6B ). These data indicate that NRXs also are sequentially cleaved by metalloprotease and g-secretase in primary neurons. To investigate whether the binding of NRX regulates the production of sNLG1, we coincubated primary neurons with the conditioned media of HEK293T (D) DIV11 primary neurons from E18 rat were cultured for 24 hr in the presence of conditioned media derived from HEK293T stably expressing NRX1a or 1b, which was analyzed in (C). The levels of sNLG1 (white arrowhead) and NLG1-FL (black arrowhead) were analyzed by immunoblotting. (E) Densitometric analysis of sNLG1 in (D) (n = 5-6, mean ± SEM; **p < 0.01; ***p < 0.001 versus EGFP by Student's t test). cells expressing NRX1a or NRX1b, which contained soluble forms of the NRXs (Figure 6C) . Accumulation of NRX1b immunoreactivity at endogenous NLG1 puncta was observed in rat primary neurons treated with the HEK293T conditioned media containing sNRX1b, suggesting that recombinant sNRX1b is capable of interacting with NLG1 at synapses (Figure S4) . Intriguingly, release of sNLG1 from neurons was significantly increased by addition of the soluble NRX-containing media ( Figures 6D and 6E ). This result indicates that ligand binding at the cell surface regulates the shedding of NLG1.
We also analyzed the activity-dependent NLG1 processing in vivo. Pilocarpine treatment induces glutamate-mediated synaptic activation, resulting in status epilepticus associated with synapse remodeling (Isokawa, 1998; Kurz et al., 2008) . In agreement with the previous reports (Kamenetz et al., 2003) , APP processing was promoted in the brains of 8-week-old epileptic mice ( Figure 7A) . Moreover, the level of sNLG1 was significantly increased, whereas that of the membrane-associated NLG1-FL was decreased, suggesting that NLG1 shedding was augmented in brains by pilocarpine-induced seizures ( Figure 7B ). Taken together, these data suggest that NLG1 processing is modulated by the excitatory activity in vivo as well as in vitro.
The Effect of NLG1 Processing on the Spine Density
To analyze the functional impact of NLG1 processing on its spinogenic activity, we overexpressed NLG1 and its derivatives in dentate granule cells of the organotypic hippocampal slice culture obtained from P6 rat, in which local-circuit synaptic interactions are preserved. Overexpression of NLG1-FL significantly increased the spine density at the apical dendrites of granule cells. However, NLG2-FL failed to induce spines, suggesting that NLG1 specifically increased the spine density at glutamatergic synapses as previously described ( Figure 8A ) (Scheiffele et al., 2000; Graf et al., 2004) . Overexpression of NLG1DPDZ that lacks the C terminus failed to increase the spine number, suggesting that the spinogenic effect of NLG1 is dependent on the PDZ-binding motif in rat dentate granule cells. Reduction in the amount of transfected NLG1 cDNA led to loss of the spinogenic effect of NLG1 (see 0.1 mg HA-NLG1, Figures  8A and 8B ), indicating that the protein level of NLG1 is critical to the de novo formation of the dendritic spine ( Figure 8B) . Notably, TAPI2 treatment of cultures transfected with reduced amount of HA-NLG1 cDNA (0.1 mg/ml) recovered the incremental effect on spine density to a level comparable to that in cells transfected with 1.0 mg/ml of HA-NLG1. Thus, we reasoned that ectodomain shedding negatively regulates the spinogenic effect of NLG1 in hippocampal granule cells. Next, we analyzed the effects of fragment forms of NLG1 corresponding to its proteolytic products (i.e., NLG1-DE and NLG1-ICD) on the spine density ( Figure 8A ). Unexpectedly, NLG1-DE increased the spine density at a similar level to NLG1-FL, suggesting that the NLG1-CTF lacking the ectodomain retains the spinogenic effect. However, NLG1-ICD failed to increase the spine density. Thus, the function of membrane-tethered form of NLG1-ICD (aka, NLG1-DE or NLG1-CTF) was abolished by liberation from the membrane by the g-secretase cleavage and subsequent degradation. Finally, to directly test whether NLG1 shedding modulates the spinogenic function, we analyzed the dendritic spines of transfected rat hippocampal primary neurons obtained from E18 pups ( Figure 8C ). We transfected wild-type or PKQQ/ AAAA mutant NLG1 together with green fluorescent protein (GFP) into primary neurons at DIV6 and fixed them at DIV20. The numbers of spines in neurons expressing wild-type NLG1 showed an increased trend compared to those in mock-transfected neurons, but not with a statistical significance. However, the spine density was significantly increased in neurons transfected with the mutant NLG1 ( Figure 8D ), suggesting that cleavage-deficient mutation enhanced the NLG1 function in primary neurons. Taken together, our results indicate that the sequential processing of NLG1 negatively regulates the spinogenic activity.
DISCUSSION
Sequential Proteolytic Processing of NLG1 by ADAM10 and g-Secretase To date, all known g-secretase substrates are shown to be first shed at the extracellular domain to generate a soluble ectodomain as well as a membrane-tethered CTF. ADAM10 is a wellcharacterized physiological sheddase for a number of g-secretase substrates (e.g., APP, cadherin, and Notch) (Reiss et al., 2005; Jorissen et al., 2010; Kuhn et al., 2010) . Both g-secretase and ADAM10 have been implicated in the regulation of neural stem cell number by modulation of Notch signaling in the developing CNS (Jorissen et al., 2010) . Recently, it was shown that metalloprotease and g-secretase-mediated cleavage in mature neurons regulates the synaptic function (Rivera et al., 2010; Restituito et al., 2011) . Here we systematically analyzed the processing of NLG1 by pharmacological and genetic approaches. Using specific inhibitors and Cre-mediated gene excision, we found that ADAM10 is responsible for NLG1 shedding and that C-terminal stub of NLG1 is subsequently cleaved by g-secretase ( Figure 1F) . Notably, significant reduction in the sNLG1 production was similarly observed in two distinct lines of Adam10 flox/flox mice (i.e., exon 1 floxed mice for in vitro Cre-mediated gene excision in primary neurons and exon 2 floxed mice for cKO mice), indicating that ADAM10 is a major sheddase for NLG1 in vivo in brains. In addition, Adam10-dependent sNLG1 production and NLG1 accumulation were observed in primary neurons as well as in adult mouse brains, suggesting that NLG1 is shed by ADAM10 at both developmental and mature stages in neurons. Our data unequivocally indicate that the cell surface level of NLG1 is regulated by ADAM10/g-secretase-mediated sequential processing, which may in turn negatively modulate its spinogenic activity. It is noteworthy that ADAM10 prefers Leu, Phe, Tyr, and Gln at P1 0 position for cleavage (Caescu et al., 2009) , although no consensus cleavage sequence has been reported. Our observation that shedding of NLG1 was inhibited in PKQQ/AAAA mutant suggests that the Gln 680 or Gln 681 at the stalk region of NLG1 is the candidate cleavage site for ADAM10-mediated shedding. Unexpectedly, we found that NLG2 was not a suitable substrate for ADAMs so far examined. This is consistent with the previous results that ADAM10 is localized at the excitatory postsynapses at which NLG1 is present (Marcello et al., 2007) , whereas NLG2 resides in the GABAergic postsynapses (Graf et al., 2004) . Indeed, primary amino acid sequence of the stalk region of NLG2 is totally different from that of NLG1 ( Figure 3A) . Thus, other metalloprotease(s) present in the inhibitory synapse should be responsible for NLG2 shedding. Intriguingly, the expression levels of NLG1, but not NLG2, was significantly increased in the brains of ADAM10 transgenic mice, suggesting a specific functional correlation between NLG1 and ADAM10 (Prinzen et al., 2009) . Identification of the responsible proteases and relevant auxiliary components at different types of synapses would provide important information on the proteolytic control of neuronal adhesion molecules.
Physiological Significance of the Activity-Dependent Processing of NLG1 The level of NLG1 in neurons has been shown to regulate the number, ratio of NMDA/AMPA receptors, and electrophysiological functions of the excitatory synapses in vitro and in vivo (Song et al., 1999; Chih et al., 2006; Varoqueaux et al., 2006; Chubykin et al., 2007) . Here, we show that NLG1 is cleaved in a neuronal activity-dependent manner, resulting in a loss of its spinogenic function. Moreover, pretreatment with MK-801 completely abolished the processing of NLG1 induced by glutamate, suggesting that the NLG1 level is homeostatically controlled by the excitatory synaptic, but not extrasynaptic, transmission. Increased shedding of NLG1 was also observed in pilocarpine-treated mice. Interestingly, profound decreases in the density, as well as alterations in shape and size, of dendritic spines by aberrant Ca 2+ signaling have been observed in epileptic mouse models (Isokawa, 1998; Kochan et al., 2000; Kurz, et al., 2008) . Aberrant Ca 2+ signaling also affects ADAM10 activity via calmodulin kinase as well as calcineurin (Nagano et al., 2004; Kohutek et al., 2009) . These results support the idea that NLG1 processing is involved in the remodeling of dendritic spines at glutamatergic synapses in vivo. We also found that soluble NRX treatment augments the NLG1 shedding. In this regard, the activity-dependent proteolytic cleavage of NRX at the presynapse (Bot et al., 2011; Saura et al., 2011) may be functionally linked to the processing of NLG. It has been reported that Fc-fused recombinant NRX extracellular domain inhibited the synaptogenic activity of NLG (Scheiffele et al., 2000; Levinson et al., 2005) ; it is possible that soluble NRX functions as a negative regulator of NLG1 via induction of shedding. Ligand-induced shedding has been reported in several g-secretase substrates (Mumm et al., 2000; Sugahara et al., 2003; Kenchappa et al., 2006; Findley et al., 2007) too, although the molecular mechanisms whereby the ligands activate the processing remain unknown. Ligand/receptor complex formation has been shown to increase the ADAM activity in the ephrin/Eph receptor system (Janes et al., 2009 ). In the case of Notch, ''pulling'' movement induced by the endocytosis of bound ligand is thought to cause a structural change leading to cleavage (Gordon et al., 2007 Figure 4C ). Thus, it is possible that the binding of soluble NRX induces structural changes in the stalk region of NLG1 in a way to expose the cleavage site and/or activate the ADAM10 activity. Further studies on the mechanism of ADAM10 activation as well as structural analyses of the cleavage site would clarify the mechanism of NLG1 shedding.
What, then, is the physiological function of the NLG1 fragments? Extracellular domain of NLG1 is sufficient for binding its ligands (Ichtchenko et al., 1995) . Intriguingly, soluble form of NLG1 has been shown to inhibit the synaptogenic effect of TSP1 in immature neurons (Xu et al., 2010) . Moreover, clustering of NRXs by recombinant NLG1 extracellular domain mediated the assembly of presynaptic terminals (Dean et al., 2003) , raising the possibility that sNLG1 may bind to soluble as well as membranetethered forms of ligands and modulate their functions. Unexpectedly, however, overexpression of NLG1-DE that lacks the extracellular domain retained the capacity to induce dendritic spines in granule cells. Our observation is consistent with the previous data showing that the conserved cytoplasmic domain, rather than NRX binding, is necessary and sufficient for the induction of dendritic spines by NLG1 in transfected neurons Shipman et al., 2011) . Importantly, however, overexpression of NLG1-ICD, which retains the intact intracellular domain, failed to increase the spine numbers. Moreover, NLG1-ICD was highly labile and degraded by proteasomal activity. These data indicate that the membrane tethering as well as the stability of the cytoplasmic domain of NLG1 is critical to the spinogenic activity. This is distinct from the activation of the ''conventional'' g-secretase substrates, e.g., Notch, by g-cleavage, although there also are several examples of negative regulation of the functions of g-secretase substrates by cleavage, e.g., ephrin-B1 and DCC (Tomita et al., 2006; Parent et al., 2005) .
Taken together, our present results provide compelling evidence that proteolytic processing is a molecular mechanism regulating the NLG1 levels as well as its spinogenic function. Further functional analysis would be required to determine whether spines modulated by NLG1 shedding are functional. However, previous results showing that changes in spines by overexpression or knockdown of NLG1 correlated with synaptic transmission (Chih et al., 2006; Levinson et al., 2005; Chubykin et al., 2007) may support our view that the proteolytic cleavage by ADAM10 and g-secretase downregulates the cell-surface levels of NLG1, which in turn negatively affects the synaptogenic function. Considering the recent implication of aberrant levels of expression of NLGs or NRXs in ASD, it is tempting to speculate that alterations in the proteolytic processing of NLG1 may also be involved in the etiology of the neurodevelopmental abnormalities.
EXPERIMENTAL PROCEDURES
Chemicals, Immunological Methods, Animals, Plasmids, Cell Culture, Transfection, Recombinant Virus Infection, and RNA Interference All experimental procedures were performed in accordance with the guidelines for animal experiments of the University of Tokyo. Primary neuron culture, immunoblot analyses, and immunocytochemistry experiments were performed as previously described with some modifications (Tomita et al., 1998; Fukumoto et al., 1999) . For in vitro Cre-mediated Adam10 ablation, primary cortical neurons were obtained from E16 pups of Adam10 flox/flox mice, in which the first exon was floxed (Yoda et al., 2011) . For analysis of neuron-specific conditional Adam10 knockout mice, brains of P18 exon 2 floxed Adam10 flox/flox mice (Jorissen et al., 2010) crossed with CamKII-Cre mice (J.P. and P.S., unpublished data) were homogenized to obtain microsome fractions. Other animals were obtained from Japan-SLC. See Supplemental Experimental Procedures for details.
Mouse Model of Status Epileptics by Pilocarpine Treatment
Male 8-week-old BALB/C mice were injected with scopolamine methylnitrate (Tokyo Chemical Industry) (1 mg/kg, intraperitoneally [i.p.]) to protect against peripheral autonomic effects caused by subsequent pilocarpine administration. Fifteen to thirty minutes later, mice were injected with pilocarpine-HCl (SIGMA) (330-380 mg/kg, i.p.) or saline (Otsuka), and then we scored the seizure intensity according to a previously described method (Patel et al., 1988) . We defined status epilepticus (status epilepsy) as a continuous seizure lasting longer than 30 min. One hour after the injection of pilocarpine, mice were sacrificed to isolate the cerebrums. See Supplemental Experimental Procedures for details.
Analysis of Spinogenic Function of NLG1
Hippocampal slice cultures were prepared from P6 rats as previously described (Koyama et al., 2007) . Granule cells in the cultured slices at DIV5 were transfected with the plasmids encoding NLG1 and its derivatives (1.0 mg/ml in HBSS) using the single-cell electroporation method (Nakahara et al., 2009) . Transfection of mutant NLG1 in rat hippocampal primary neurons were performed at DIV6 and fixed at DIV20. See Supplemental Experimental Proceduresfor details.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi. org/10.1016/j.neuron.2012.10.003.
